Ion implantation of iron and titanium has been applied to modify the surface properties of polycrystalline yttria-stabilized zirconia ( (ZrO2)o.s7 (YOt.5)o.13 ~ (YSZ)) discs in an attempt to prepare surfaces with a mixed conductivity and by this an enhanced surface oxygen exchange kinetics. Surface-sensitive spectroscopic techniques were applied to investigate the implanted layers as a function of different pretreatments such as oxidation, reduction and annealing. Depth profiles were recorded by Rutherford Backscattering Spectroscopy (RBS) and X-ray Photoelectron Spectroscopy (XPS) in combination with sputtering. Ion Scattering Spectroscopy (ISS) and XPS were used to investigate the surface composition and valency of implanted ions. Electronic properties like the band gap, the work function and the energy difference between the Fermi level and valence band edge (EF--Ev) were obtained from Ultraviolet Photoelectron Spectroscopy (UPS) and Electron Energy Loss Spectroscopy (EELS). Overlayers of Fe203 or TiO2 are formed during oxidation of as-implanted samples. The Fe-and Ti-oxides could be reduced in hydrogen to the oxidation states Fe 2+, Fe ° or Ti 3+. Annealing of the samples leads to decreased surface concentrations of the implanted ions due to in-diffusion. At the surface of the annealed iron-implanted samples, Fe 2+ and metallic Fe could be generated after further reduction whereas at the surface of the annealed Ti-implanted samples only Ti 4+ was detectable.
Introduction
Fast electrode reactions of oxygen and of other gases are of primary importance for high temperature fuel cells, oxygen pumps, and oxygen sensors based upon yttria-stabilized zirconia (YSZ) as solid electrolyte [ 1, 2 ] .
The oxygen reduction, in particular, is described by the following overall electrode reaction:
where according to Kr6ger-Vink notation, O6 is a normal O 2-ion in the yttria-stabilized zirconia lattice and Vo is a doubly charged oxygen vacancy. For noble metal electrodes like platinum the exchange reaction is geometrically limited to the three phase line between the solid electrolyte, metal electrode and
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gas atmosphere. Besides properties of the metal surface, the surface of the solid electrolyte, too, is known to have a pronounced influence on the rate of this oxygen exchange reaction at temperatures below 700°C [3] [4] [5] . It may provide active sites for oxygen adsorption along which adsorbed oxygen species are transported to the noble metal electrode, but the electrolyte surface itself does not participate in the electron transfer reaction as its electronic conductivity is too low. If electronic conductivity besides the high oxygen ion conductivity could be provided over the entire electrolyte surface, the reaction of oxygen, electrons and oxide ions would no longer be solely limited to the three-phase line. We therefore expect a significant increase in oxygen exchange kinetics under these conditions. A possible solution is the use of mixed conducting oxides, with a high ionic and electronic conductivity [4, 6, 7 ] . Another solution is the modification of the solid electrolyte surface itself. Recent experiments have shown, that ion implantation in particular is a powerful technique to modify the surfaces of ceramic electrolytes [8] [9] [10] [11] . Four-point probe conductivity measurements on Ti-implanted yttria-stabilized zirconia thin films (53 nm thick), showed an increase of the total conductivity by a factor 100-1000 after reduction in H2 (PH2 = 1 atm, 800°C) [ 12] . This is due to the formation of an overlayer of nonstoichiometric TiOE_x, as shown in this paper, which is an n-type semiconductor [ 13 ] . After implantation of iron, the equilibrium oxygen exchange current density at the electrode Au, O2(g)/yttriastabilized zirconia increased by a factor 10-50. Furthermore the apparent double layer capacitance of the Au, O2(g)/Fe implanted YSZ interface proved to be a factor 10-100 higher in comparison with the non-implanted interface [ 14 ] .
In this paper we present experimental results obtained with surface analytical techniques, in particular with XPS, UPS and EELS as well as ISS and RBS which give the distribution of implanted ions and clarify the electronic properties of the ion-implanted solid electrolyte surface [15] [16] [17] [18] [19] [20] .
We show the properties of zirconia surfaces implanted with iron and titanium and their differences as well as the effect of different treatments on surface composition and the electronic structure of YSZ.
accelerator of the LAN of the State University of Groningen and X-ray photoelectron spectroscopy (XPS) depth profiles have been determined with the Kratos X SAM-800 apparatus of the Centre for Materials Science (CMO) at the University of Twente. More details about these methods can be found in ref. [20] .
Surface preparations like oxidation-treatments (800°C, 1 bar 02), reduction-treatments (800°C, 1 bar HE) , or sputtering (At + ) together with surface spectroscopic techniques have been performed in a combined ultrahigh vacuum (UHV) system at the University of Tiibingen [21 ] . Ion scattering spectroscopy (ISS) was carried out with an ion-source (IQE 12/38, Leybold) using I keV 4He+ as primary ions, X-ray photoelectron spectroscopy (XPS) with an X-ray source (MgKa 1253.6 eV, A1Ka 1486.6 eV, VSW), Ultraviolet photoelectron spectroscopy (UPS) with an UV-source (He-gas discharge UVS, Leybold HeI 21.21 eV, HelI 40.8 eV) as well as electron energy loss spectroscopy (EELS) with an electron gun (EQ 22/35, Leybold) using 300 eV e-. The energy analyzer (HA 150, VSW) was located perpendicular to the sample surface.
Results and discussion

Surface composition
Experimental
The preparation of the yttria-stabilized zirconia ((ZrOE)o.a7(YOl.s)o.t3~YSZ) discs as well as the ion implantation have been described elsewhere [9, 20] . In this paper, experiments were performed on YSZ-discs, implanted with 15 keV 56Fe (YSZ(Fe)) or 4STi(YSZ(Ti)) up to a dose of 8 × 10 ~6 at.cm -2. Oxidation of the samples was performed at 400°C for 15 min in 1 bar 02 ("oxidized sample"), whereas reduction was Carried out at 800°C for 15 min in 1 bar H2 ("reduced sample" ).
To obtain a decrease of the surface concentration of the implanted ions due to in-diffusion the samples were annealed at 1000°C for three hours in a separate furnace ("low-concentration-sample').
Rutherford backscattering (RBS) experiments have been performed with the 5 MeV Van der Graaf Ion scattering spectroscopy (ISS) probes the first atomic layer of a solid surface. This technique was used to monitor the changes in surface composition of the ion-implanted zirconia surfaces after different succeeding treatments. from influencing the measurements, the sample was annealed at 1000°C for three hours. This annealing decreases the Fe cation fraction at the surface from 0.55 to 0.15, as calculated from experimentally determined diffusion coefficients [20] . The resulting cation fraction of 0.15 is equal to the equilibrium solid solubility of Fe203 in YSZ at 1500°C in air [ 10] . In fig. lc the ISS-spectrum of such an annealed YSZ (Fe)-sample is depicted. The decrease of the Fepeak (and therefore of the Fe-concentration) in comparison to the (Y/Zr)-peak is deafly observed. Evaporation of Fe from the surface is negligible as deduced previously from results of depth profile analysis by means of RBS [ 20 ] . Surface segregation of Na, however, was detected after annealing as observed on non-implanted YSZ, too [ 17 ] . A small Pt peak in fig. I c is due to the sample holder.
Analogous results as described above for the Fe implanted samples have been obtained for the Tiimplanted samples: i.e. formation of a TiO2 overlayer after oxidation of the as-implanted samples and formation of a nonstoichiometric TiO2_x overlayer after reduction.
Depth profiles
Depth profiles were recorded to investigate the cation fraction of the implanted ions after several treatments. A remarkable difference exists between the maximum cation fraction of the Fe and Ti depth profiles (0.50 and 0.70 respectively). The Fe depth profile ( fig. 2a) shows a strong enrichment of Fe at the outermost surface layer extending over 3 nm. A similar result is obtained for Ti-implanted YSZ ( fig. 2b ). Below this Ti-rich layer, however, a maximum appears in the Ti depth profile at 8 nm. The horizontal line at 15 cat% in fig. 2 represents the Fe and Ti concentration which corresponds to the equilibrium solid solubility of Fe203 [ 10 ] and TiP2 [ 19 ] respectively in YSZ at 1500°C in air. The total surface concentration of Fe and Ti atoms implanted in the samples, as obtained by integrating the depth profile is 3 X 1016 and 3.5× 1016 at.cm -2, respectively.
Oxidation states of implanted atoms
XPS was also used to study the oxidation state of Fe and Ti ions in as-implanted YSZ samples as well as after different treatments (oxidation, reduction and annealing as described above). Special interest concerns the oxidation state after annealing (i.e. after lowering of the surface concentration of implanted ions) and a subsequent reduction. If the implanted ions occur in two different oxidation states, i.e. Fe2+/ Fe 3+ or Te 3+/Ti 4+, electron hopping between Fe-or Ti-ions becomes probable at high enough Fe or Ti concentrations thus leading to electronic conductivity [22] .
Implantation of Fe or Ti in YSZ without any further treatment results in a nonstoichiometric oxygen deficient and non-equilibrium surface layer in which different oxidation states of Fe are found such as metallic Fe °, Fe 2+ and Fe 3+ and, in case of Ti-implanted samples, Ti 4÷, Ti 3÷, and Ti 2÷ [15] . After oxidation in air at 400°C, the ideal stoichiometry of the samples is restored and the implanted cations are present in their highest oxidation state (Fe 3+ and Ti 4+ ). This result is for Fe in accordance with measurements performed with Conversion Electron Mrssbauer Spectroscopy (CEMS) [ 32 ] . Fig. 3 summarizes XPS-spectra for Fe (2p3/2,1/2) of an as-implanted YSZ(Fe)-sample after a preparation cycle consisting of (a) oxidation, (b) subse- quent reduction followed by (c) an adsorption of 1000 L oxygen. The spectrum of the oxidized sample shows peaks at binding energies of 710.7 eV and 724 eV corresponding to Fe 3÷. After reduction ( fig. 3b ) the peaks at 706.9 and 720 eV clearly indicate metallic Fe °. The additional broad peak at 709.2 and 721 eV is attributed to FC + [23, 26] . A small exposure to oxygen of 1000 L, however, was sufficient to reoxidize all Fe at the surface to Fe 3+ (see fig. 3c ). It can be concluded, that reduced Fe 2+ at the surface is only stable under very low oxygen partial pressures. According to our results from ISS (see section 3.1 ) the surface consists mainly of iron oxide. Pure Fe203 is an n-type semiconductor below 800 °C and its conductivity is determined by electronic charge carriers [ 25 ] . If an intact Fe203-surface film is present, it may also induce an electronic conductivity at the surface of the stabilized zirconia.
To analyze the surface composition and the oxidation state of samples with concentrations of the implanted ions below the solubility-level, an annealing was carried out as described in Section 2.
These samples were then subjected to oxidation, reduction and oxygen adsorption treatments just like the as-implanted pellets. The spectra obtained from samples with high or low concentrations of the implanted ions showed no large differences. It can be concluded, however, that implanted iron can be reduced to Fe 2+ and Fe °, if the concentration is below the solubility level. Therefore, an electron-hopping may be possible due to the simultaneous presence of different oxidation states of iron. An increase of the electronic conductivity has been discussed for instance in [ 10, 24] for Fe203 doped YSZ at temperatures below 500°C.
Analogous measurements were performed on titanium implanted samples. The spectrum of the asimplanted, oxidized sample shows peaks at binding energies of 458.5 eV (Ti2p3/2) and 464.2 eV (Ti2p~/2) corresponding to Ti 4 +. After reduction of this sample, a significant amount of Ti 3+ (Ti2p3/2 457 eV; Ti2p~/2 463 eV) is present at the surface as depicted in fig. 4 . A complete reoxidation to Ti 4+ ( fig. 4 ) occurs already after a short exposure to oxygen just as found for the Fe implanted samples.
In combination with the ISS-results, we concluded also for the Ti-implanted samples that after oxidation a TiO2 overlayer and after a subsequent reduction a TiO2_x overlayer was formed. The investigations of annealed samples, however, come to a different result as compared to iron implanted samples. The low-concentration sample showed no formation of Ti 3+ after reduction. It seems, that Ti 4÷ cations dissolved in the zirconia lattice are only stable in their highest oxidation state under the applied conditions.
These results are in accordance with results obtained on bulk doped samples with different titania contents between 3.5 and 30 mol% [19] .
Electronic surface properties
With UPS it is possible in principle to obtain values of the work function ~, the ionization energy I, the difference between Fermi level Ev and the energy Ev of the valence band edge as well as the density of occupied states [ 17 ] . Therefore these methods are useful to detect additional electronic surface states in the band gap which may arise from cations like FEE+/ Fe 3+ or Ti3+/Ti4+ if they are in the magnitude of 0.1-1 vol%. EELS serves to determine the energy difference between valence band maximum and low lying unoccupied states as well as the value of the band gap Eg. Fig. 5a shows the UPS-spectra of a non implanted, polycrystalline YSZ-sample measured at 800 °C together with an illustration of the definition and values for the work function (here: 4.7 eV) and EF-Ev (here: 3.3 eV). The Fermi level was stabilized by an Fe/FeO-back contact which fixes the oxygen activity at the contact with YSZ as described earlier [ 18 ] . Assuming that the electric field inside the YSZ-sampie is zero due to the high ionic charge carrier concentration, no band-bending occurs and the position of the valence band maximum Ev measured at the front side of the sample is definitely related to the Fermi-level at the back side of the sample [ 18, 27, 28 ] .
UPS
The electronic structure of transition metal oxides is characterized by the existence of an empty d-band and a valence band which arises mainly from oxygen 2p states. The spectrum reveals a strong O2p band in which two subbands at 4.9 eV and 7.0 eV can be distinguished. The principle feature of the valence band spectrum agrees with DV-Xa calculations of ZrO2 in the literature [29, 30] , and with spectra from YSZ-single crystal [ 28 ] . In the bandgap above the valence band edge, a slight non-zero density of states could be observed which is clearly related to the high concentration of lattice defects.
In the same way as described in Sections 3.1 and 3.3, UPS-measurements were performed on "high"-and "low-concentration"-samples after oxidation, reduction and oxygen-adsorption treatments. Fig. 5b shows the low-concentration, and 5c the high-concentration YSZ (Fe)-sample. The valence band edge becomes more narrow with increasing iron concentration at the surface of YSZ and a slight density of states up to the Fermi level can be observed. Reduction of both, the high-and the low-concentration sample in hydrogen, leads to a distinct increase of the density of these states as shown in fig. 6a i.e. for the low-concentration-YSZ(Fe)-sample. In accordance with the XPS-results, we ascribe these additional electronic states to Fe E+ and metallic iron. A is depicted in fig. 7 . A separate peak in the band gap at about 1 eV below the Fermi level is clearly observed. This peak can be assigned to Ti 3+ in accordance with XPS-results and theoretical calculations for Ti20 3 as mentioned in the insert of fig. 7 [ 31 ]. For a low-concentration sample, no indication for Ti 3+ could be found.
EELS
The low energy loss features in the EELS spectrum "i \   \   24  21  18  15  12  9  6  3  9 Energy Loss (eV) result from electronic transitions between valence band and conduction band. The band gap energy is derived from an extrapolation of the linear portion of the low energy edge in the loss spectrum to the baseline. This is illustrated in fig. 8 showing the EELS-spectra of (a) an YSZ-single crystal (b) the YSZ(Ti)-sample, and (c) the YSZ(Fe)-sample. The band gap of pure YSZ is derived as 5.2+0.2 eV whereas a value of 3.6 + 0.2 eV is obtained for the annealed Ti-implanted sample. Accordingly, dis- solving TiO2 in the YSZ-lattice results in a distinct decrease of the energy gap. This is in accordance with results obtained for YSZ doped with different contents of TiO2 [ 19] . For the annealed YSZ(Fe) the band gap was calculated to 2.2 +_ 0.2 eV. This value of the band gap is close to the optical bandgap of pure Fe203 (2 eV) as determined by Balberg et al. [33] and gives the Fe doped YSZ sample its orange color. The reduction and oxidatio~ cycles were studied with EELS, too. Fig. 9 shows EELS-spectra of an annealed YSZ(Fe)-sample after (a) oxidation, (b) reduction, and (c) after adsorption of 1000 L oxygen. For the reduced sample, additional energy losses in the band gap region are clearly observed which may be ascribed to metallic iron. After adsorption of 1000 L O2, these states vanish in accordance with the UPS-results discussed in Section 3.4.1.
Band scheme
A combination of the results from XPS, UPS and EELS gives the band-scheme of the implanted sampies. Fig. 10 shows the derived band schemes of (a) a non-implanted YSZ-sample, (b) the annealed Tiimplanted sample, and (c) the annealed Fe-implanted sample. It is evident, that implantation of Ti or Fe, leads to a distinct narrowing of the band gap. For the Ti-implanted sample, this is in accordance to measurements obtained on Ti-doped samples, as described previously [19 ] . For the iron-implanted sample, however, corresponding results with bulk doped YSZ are not available.
gap. The implanted ions are rapidly oxidized to their highest oxidation state after an oxygen exposure of 1000 L. Samples with a low surface concentration of the implanted ions, i.e. below the solubility level, behave different. Reduction of iron implanted samples leads again to the formation of Fe 2÷, whereas for titanium implanted samples no Ti 3 ÷ was formed after reduction. Iron doping of stabilized zirconia seems to be the better choice to achieve mixed conductivity by impurity ions.
